The nonsense-mediated mRNA decay (NMD) pathway is a specialized mRNA degradation pathway that degrades select mRNAs. This pathway is conserved in all eukaryotes examined so far, and it triggers the degradation of mRNAs that prematurely terminate translation. Originally identified as a pathway that degrades mRNAs with premature termination codons as a result of errors during transcription, splicing, or damage to the mRNA, NMD is now also recognized as a pathway that degrades some natural mRNAs. The degradation of natural mRNAs by NMD has been identified in multiple eukaryotes, including Saccharomyces cerevisiae, Drosophila melanogaster, Arabidopsis thaliana, and humans. S. cerevisiae is used extensively as a model to study natural mRNA regulation by NMD. Inactivation of the NMD pathway in S. cerevisiae affects approximately 10% of the transcriptome. Similar percentages of natural mRNAs in the D. melanogaster and human transcriptomes are also sensitive to the pathway, indicating that NMD is important for the regulation of gene expression in multiple organisms. NMD can either directly or indirectly regulate the decay rate of natural mRNAs. Direct NMD targets possess NMD-inducing features. This minireview focuses on the regulation of natural mRNAs by the NMD pathway, as well as the features demonstrated to target these mRNAs for decay by the pathway in S. cerevisiae. We also compare NMD-targeting features identified in S. cerevisiae with known NMDtargeting features in other eukaryotic organisms.
T he amount of a particular mRNA present at a specific time in a cell is dependent on the rates of synthesis and decay. The nonsense-mediated mRNA decay (NMD) pathway is a translationdependent mRNA degradation pathway that recognizes and elicits the rapid degradation of select mRNAs. This pathway is highly conserved in all eukaryotes examined, from yeast to humans. NMD targets mRNAs that prematurely terminate translation. Such mRNAs can be produced due to genomic mutations or errors in gene expression. In cases where the mRNAs have a premature termination codon (PTC), degradation of these mRNAs by NMD prevents the accumulation of potentially harmful truncated proteins.
The NMD pathway also regulates the expression of specific genes by degrading natural mRNAs (1) (2) (3) (4) (5) (6) (7) . The natural mRNAs regulated by NMD are normal, cellular mRNAs that largely code for functional proteins. Importantly, this subset of mRNAs has features that can induce the translating ribosome to prematurely terminate translation, leading to degradation of the transcript by NMD. The regulation of natural mRNAs by NMD is fairly widespread. Genome-wide studies have shown that 5 to 10% of the Saccharomyces cerevisiae transcriptome is affected when NMD is inactivated (1) . Similar percentages of the transcriptomes of the nematode Caenorhabditis elegans (8) , the fruit fly Drosophila melanogaster (9) , and humans are sensitive to NMD (10, 11) . Natural mRNAs regulated by the pathway have also been identified in other eukaryotic organisms, including the fungi Yarrowia lipolytica, Aspergillus nidulans, and Schizosaccharomyces pombe and several plant species (12) (13) (14) (15) .
Three core trans-acting factors are required for a functional NMD pathway in all eukaryotes. These core NMD factors are the up-frameshift proteins Upf1, Upf2, and Upf3. The Upf proteins were originally identified in S. cerevisiae (16, 17) . Mutation or silencing of any one of these three factors selectively stabilizes mRNAs that are regulated by NMD (18) . Upf1p is the central regulator of the degradation pathway and is the most conserved of the Upf proteins (19) (20) (21) (22) (23) . Upf2p and Upf3p are responsible for regulating Upf1p function. Upf1p is a group 1 RNA helicase with ATPase activity (24) (25) (26) . S. cerevisiae Upf1p has been shown to interact with Upf2p, which in turn interacts with Upf3p (18, 27) . Upf1p also associates with additional factors, including the eukaryotic translational release factors eRF1 and eRF3 (28) . It is important to note that Upf1p plays additional roles distinct from NMD. These cellular processes include staufen 1-mediated mRNA decay (SMD), telomere maintenance, histone mRNA decay, genome stability, and advancement of the cell cycle (29) (30) (31) (32) .
THE NMD MECHANISM IN S. CEREVISIAE
NMD in S. cerevisiae is known to be triggered by the messenger ribonucleoprotein (mRNP) context surrounding the translation termination event. Models exist that explain the mechanism that causes a termination codon to be recognized as premature. In the most widely accepted model, premature translation termination is perceived to be an inefficient event because it is in an improper context compared to a normal translation termination event. Specifically, there is evidence in S. cerevisiae and other organisms that NMD targets can be recognized as targets due to the lack of factors bound downstream from the termination codon (23) . In this model, known as the faux untranslated region (UTR) model, a ribosome terminating translation at a termination codon substantially upstream from the poly(A) tail terminates translation inefficiently. The faux-UTR model posits that NMD occurs because the Pab1p or other factor bound to the poly(A) tail is not in close proximity to the terminating ribosome to enable interaction of the Pab1p with release factor 3 (eRF3p), which is bound to the terminating ribosome and thus establishes the correct mRNP context for a normal translation termination event (33) . In the absence of correct translation termination, the Upf factors interact with the release factors, eRF1p and eRF3p (28) , resulting in an aberrant translation termination event and NMD activation (23, (34) (35) (36) . NMD activation leads to the decapping of the mRNA by the Dcp1-Dcp2p complex, followed by 5= to 3= degradation of the mRNA by the exoribonuclease Xrn1p (37) . The faux-UTR model explains how some natural mRNAs with known NMD-inducing features are targeted for degradation by the pathway; however, it does not explain the observation that the presence of Pab1p is not required to distinguish a normal termination event from a premature translation termination event in S. cerevisiae (38) .
THE NMD MECHANISM IN MAMMALS
In metazoans, additional factors are required for NMD to operate normally. These factors include the suppressors with morphological effect on genitalia, or SMGs, in C. elegans. SMG proteins are also found in other multicellular organisms and perform a variety of functions. SMG-1, SMG-5, and SMG-7 regulate the phosphorylation and dephosphorylation of SMG-2, the C. elegans homolog of Upf1p, while SMG-6 is an endonuclease. Additionally, the exon-junction complex (EJC) is a multiprotein complex that enhances NMD of mRNAs that undergo splicing. The EJC is deposited 20 to 24 nucleotides upstream from exon-exon junctions. The core components of the EJC are eIF4AIII, Y14, MAGOH, barentsz, and additional effector proteins, such as Upf3p (39) . Upf3p is reported to associate with the EJC during splicing, and subsequently, Upf2p associates with the EJC-bound Upf3p within the cytoplasm (40) .
The initial model to explain mammalian NMD proposed that the round of translation an mRNA is undergoing determines whether an mRNA is an NMD target. In newly synthesized mRNAs, the 5= cap structure is bound by the cap-binding complex, consisting of the proteins CBP80 and CBP20. While still bound by CBP80/20, mRNAs undergo the first or "pioneer" round of translation. mRNAs undergoing the pioneer round of translation are subject to NMD (41) . These mRNAs are targeted to the pathway if the translating ribosomes terminate translation 50 to 55 nucleotides upstream from an EJC. In most mRNAs, the natural stop codon is found in the last exon, and all EJCs would be displaced from the mRNA before the translating ribosome encounters the natural stop codon. In contrast, a ribosome stalled at a PTC associates with the SURF complex, which is composed of the SMG-1 kinase, Upf1p, and release factors eRF1 and eRF3. The SURF complex-associated Upf1p interacts with the downstream EJC which is still bound to the mRNA. This association occurs via interactions between Upf2p and the EJC-bound Upf3p, consequently targeting the mRNA to NMD.
It is becoming apparent that NMD in mammalian cells is not always restricted to spliced transcripts undergoing the first round of translation. In fact, there are reports of intronless mammalian mRNAs undergoing NMD, demonstrating that mammalian mRNAs are subject to NMD in the absence of an EJC downstream from a stop codon (36, 42, 43) . Furthermore, recent work showing that mRNAs bound by the cap-binding protein, eukaryotic initiation factor 4E (eIF4E), are subject to NMD suggests that mammalian mRNAs undergoing bulk translation can also be subject to NMD (44, 45) .
The S. cerevisiae NMD model is applicable to mammalian NMD to some extent; however, apparent differences exist. S. cerevisiae may be a good model for EJC-independent NMD. The EJC mark deposited on mammalian mRNAs during splicing adds an additional layer of regulation and is absent in S. cerevisiae. In S. cerevisiae, NMD is splicing independent. Nevertheless, EJC-independent NMD has been demonstrated in mammalian cells that is akin to NMD in S. cerevisiae. Moreover, there have been reports of proteins such as the RNA helicase hrp1p, which marks S. cerevisiae mRNAs downstream from a premature stop codon and targets the mRNAs to the pathway, analogous to the EJC targeting mechanism in mammals (46, 47) .
As we already noted, the core NMD factors are conserved in all eukaryotes examined so far. In addition, recent studies demonstrating that mammalian mRNAs are subject to NMD while undergoing bulk translation suggest that mammalian mRNAs targeted to the pathway may not be restricted to the first round of translation and that mRNAs can be targeted to the pathway at each round of translation, similar to NMD in S. cerevisiae (48) . However, mRNAs that are subject to NMD in S. cerevisiae are primarily degraded by Xrn1p from the 5= ends of the mRNAs after removal of the 5= cap, while mammalian NMD is initiated by endonucleolytic cleavage of the target transcript, followed by exonucleolytic degradation of the 5= and 3= RNA fragments (49) .
NATURAL mRNA REGULATION BY NMD
As previously stated, natural mRNAs regulated by the NMD pathway have been identified in multiple organisms. These natural NMD targets have been most extensively studied in S. cerevisiae and can be classified as either direct or indirect NMD targets. Direct NMD targets typically have significantly altered decay rates in cells with a functional NMD pathway relative to their decay rates in cells with a nonfunctional pathway. In most cases, indirect NMD targets have comparable decay rates in cells with a functional or nonfunctional NMD pathway. Indirect NMD targets may accumulate as a result of increased transcription, whereby a transcription factor that regulates the expression of a specific mRNA is the direct NMD target. An example of an indirect NMD target is the S. cerevisiae URA3 mRNA. The URA3 mRNA accumulates to higher levels in NMD mutants due to increased levels of its transcription activator Ppr1p (16) . PPR1 mRNA is a direct NMD target. In S. cerevisiae, it is estimated that ϳ48% of the natural NMD targets are direct targets with significantly altered decay rates between the wild type and NMD mutants (2) . mRNAs that are direct NMD targets typically contain NMD-inducing features that can trigger their degradation by the pathway.
NMD-INDUCING FEATURES IN S. CEREVISIAE
Initially, it was perceived that all targets of the NMD pathway contain a PTC. However, with the growing list of endogenous, error-free, natural mRNAs that are regulated by the pathway, it is becoming apparent that sequence features exist that can trigger the regulation of natural mRNAs by NMD. These NMD-inducing features have been identified in S. cerevisiae and in other organisms and activate NMD by directing translation to terminate prematurely. Here, we discuss each of the recognized NMD-inducing features in S. cerevisiae and their conservation in other eukaryotic species. These features are depicted schematically in Fig. 1 and include inefficiently or nonproductive alternatively spliced premRNAs, mRNAs containing atypically long 3= untranslated re-gions (UTRs), mRNAs containing upstream open reading frames (uORFs), mRNAs subject to programmed ribosomal frameshifting, and mRNAs subject to out-of-frame translation initiation caused by leaky ribosomal scanning (2, 4, (50) (51) (52) (53) (54) . Although these features typically trigger degradation, the presence of these NMD-inducing features on an mRNA does not always activate the pathway. Some mRNAs with these features are immune to degradation by NMD (4, 34, 55) . For example, the S. cerevisiae GCN4 and YAP1 mRNAs contain uORFs but evade degradation by NMD (55) . Furthermore, these NMD-targeting features are not known to cause the degradation of all natural mRNAs that are regulated by NMD in S. cerevisiae, indicating that additional NMD-targeting features remain to be identified (2) .
SOME INTRON-CONTAINING PRE-mRNAS ARE NMD TARGETS
The generation of a functional mRNA depends on precise processing of the pre-mRNA. Pre-mRNAs containing introns undergo splicing prior to export to the cytoplasm. In some cases, pre-mRNA processing events result in the retention of an inefficiently spliced intron. The majority of intron-containing premRNAs that are exported to the cytoplasm are degraded by the NMD pathway in S. cerevisiae, because these pre-mRNAs are likely to have an in-frame stop codon (Fig. 1A) (51, 56) . This regulation prevents the accumulation of incompletely processed transcripts (57) . Alternatively, if a retained intron does not contain a stop codon but is out of frame with the main open reading frame, it can cause a frameshift to a downstream exon. This can result in the introduction of a PTC and, consequently, degradation of the transcript by NMD. Several studies in S. cerevisiae have shown that inefficiently spliced pre-mRNAs accumulate in NMD mutants (51, 56) , albeit only ϳ5% of the genes in S. cerevisiae contain introns (58) . For example, the S. cerevisiae CYH2 pre-mRNA is inefficiently spliced, transported to the cytoplasm, and degraded by NMD. Similar results have been observed in the hemiascomycete fungus Yarrowia lipoly- tica, which contains four times as many introns as S. cerevisiae (12) . In some cases, the accumulation of unspliced pre-mRNAs in S. cerevisiae NMD mutants was found to occur under stress conditions (56) . In addition, localization experiments demonstrated that the unspliced pre-mRNAs accumulate in cytoplasmic processing bodies (P bodies) in the absence of a functional NMD pathway (56) .
SOME NONPRODUCTIVE ALTERNATIVELY SPLICED TRANSCRIPTS ARE NMD TARGETS
Pre-mRNA processing can also result in alternative splicing events, where exons are spliced together differentially to generate proteome diversity. Aberrant alternative splicing can generate NMD-sensitive transcripts by introducing PTCs. This mechanism of NMD targeting is often referred to as "alternative splicing coupled to NMD." A recent study in S. cerevisiae demonstrated that nonproductive alternatively spliced transcripts that contain a PTC or produce nonfunctional proteins are regulated by NMD (59) . In addition, genome-wide studies have shown that aberrantly spliced transcripts are regulated by the NMD pathway in C. elegans (8) and in D. melanogaster (60) . Interestingly, in C. elegans, alternatively spliced transcripts of ribosomal protein genes are also regulated by the NMD pathway, linking the pathway to splicing regulation (61) .
The NMD pathway is also linked to splicing regulation in mammalian systems. Studies using mouse cell lines found that downregulating the levels of the NMD factor UPF2 affected splicing, resulting in aberrant alternatively spliced mRNA isoforms that were sensitive to NMD (62) . Consistent with these findings, Saltzman et al. found that in mammalian cells, pre-mRNAs that undergo alternative splicing coupled to NMD were enriched for core spliceosomal proteins, further linking the NMD pathway to regulation of splicing (63) . Collectively, these studies demonstrate that NMD controls splicing regulators and aberrant alternatively spliced transcripts in mammalian systems.
In other systems, such as plants, NMD has also been found to regulate the expression of pre-mRNAs that retain introns due to alternative splicing. It has been reported that the retention of introns accounts for ϳ41% of alternative splicing events in plants (64) . In addition, the presence of an intron in the 3= UTR has been shown to activate NMD, although only ϳ3.6% of Arabidopsis thaliana genes contain introns in the 3= UTR (65) (66) (67) . The regulation of these intron-containing pre-mRNAs by NMD is reported to occur in a position-dependent manner (67) . Specifically, if the intron is located at least 50 nt downstream from the stop codon, NMD is triggered. Furthermore, the efficiency of NMD was found to increase with increasing distance from the stop codon (67) .
Consistent with the findings in S. cerevisiae, plants, and mammals, nonproductive alternatively spliced transcripts are regulated by the NMD pathway in other systems, such as zebrafish and Paramecium tetraurelia (68) . Collectively, these studies show that pre-mRNA processing events that result in the generation of intron-containing pre-mRNAs, as well as aberrantly spliced transcripts, generate NMD targets in a wide range of organisms. Moreover, in some species, NMD has been found to have an additional level of regulation by directly affecting splicing factors.
ATYPICALLY LONG 3= UTRS CAN TARGET mRNAS TO THE NMD PATHWAY
The presence of a long 3= UTR has been shown to be sufficient to target mRNAs for NMD. The mechanism by which atypically long 3= UTRs induce NMD has been extensively studied in S. cerevisiae. In S. cerevisiae, mRNA 3= UTRs range in size from 50 to 200 nt in length, with a median length of 121 nt (69) . The majority of the examined transcripts with 3= UTRs of 350 nt or longer are degraded by the NMD pathway (4, 70) . Interestingly, some mRNAs produce different isoforms of the same transcript that vary in their 3= UTR lengths. Transcripts with varying 3= UTR lengths can be produced as a result of alternative 3=-end processing, which can be sensitive to growth conditions (71) .
Pre-mRNAs that undergo alternative 3=-end processing and thereby produce multiple mRNA isoforms with different 3= UTR lengths can be differentially regulated. This differential regulation can be observed through mRNA stabilization or destabilization. Surprisingly, in some mRNAs, the half-lives can vary significantly between mRNA isoforms separated by Ͻ3 nt at the 3= end (72) . Furthermore, some mRNA isoforms produced by alternative 3=-end processing may be regulated by NMD, while others may not. For example, the S. cerevisiae MAK31 mRNA has two mRNA isoforms with differing 3= UTR lengths, a short (200-nt) and a long (920-nt) 3= UTR. The short, 200-nt 3= UTR mRNA isoform is immune to degradation by NMD; however, the long, 920-nt 3= UTR mRNA isoform is degraded by the pathway (4). On the other hand, MPA43 mRNA also produces two mRNA isoforms with differing 3= UTR lengths of 300 nt and 600 nt. In this case, both 3= UTRs lead to NMD-induced degradation (4). In S. cerevisiae, it appears that natural mRNAs targeted to the pathway by a long 3= UTR are regulated by NMD due to the length of the 3= UTR and not due to the specific sequence of the 3= UTR. This is consistent with the faux UTR model, which states that increasing the 3= UTR length increases the distance between the terminating ribosome and the Pab1p (Fig. 1B) (23) .
Similar to the case for S. cerevisiae, C. elegans, Drosophila, and mammalian mRNAs with long 3= UTRs are targeted for degradation by NMD. For example, in murine embryonic stem cells (mESCs), increased mRNA 3= UTR length was found to correlate with increased sensitivity to the NMD pathway (73) . Likewise, human transcripts with long 3= UTRs are subject to degradation by the pathway. These transcripts were found to be upregulated in cells in which UPF1, SMG-6, and SMG-7 were downregulated (34) . Interestingly, the NMD factors UPF1, SMG-5, and SMG-7 mRNA were also found to contain long 3= UTRs that induce degradation by NMD. These studies point to a feedback loop where components of the NMD machinery are also regulated by the pathway (34) . The regulation of NMD factors by the pathway has also been observed in zebrafish and C. elegans, further supporting the notion of a conserved NMD feedback loop (74) .
A long 3= UTR can also induce NMD in plants, providing additional support for the faux UTR model (65, 66) . The average length of plant 3= UTRs is reported to be 241 nt. A 3= UTR of Ͼ350 nt has been shown to consistently elicit NMD in plants (75) . Additionally, the efficiency of NMD in plants has been reported to increase with increasing length of the 3= UTR (65) .
Collectively, these studies demonstrate that a long 3= UTR is a conserved NMD-inducing feature in multiple organisms. Furthermore, it appears that in several organisms, increasing the length of the 3= UTR increases NMD efficiency, suggesting that the distance between the stop codon and the features downstream from the stop codon is the NMD-determining characteristic. If the distance between the stop codon and the poly(A) tail is the essential NMD determinant, then it follows that the length of the 3= UTR itself, and not the 3= UTR sequence, is the important NMDinducing feature. In addition, transcripts that undergo alternative 3=-end processing may generate multiple mRNA isoforms that are differentially regulated by NMD. This would enable cells to selectively regulate mRNAs transcribed from the same gene. An important question for future studies is to determine whether physiological conditions can affect alternative 3=-end processing, resulting in the generation of transcripts with altered NMD sensitivity.
A SUBSET OF uORF-CONTAINING mRNAS IS SENSITIVE TO THE NMD PATHWAY
An upstream open reading frame, or uORF, is an open reading frame that is located in the 5= UTR of a transcript (Fig. 1C) . mRNAs can have one or more uORFs, some of which overlap the main protein coding region. These uORFs can play regulatory roles by affecting mRNA stability and protein synthesis (76) . When actively translated, a uORF can interfere with the expression of the main ORF. Furthermore, if the uORF of an mRNA is translated, the stop codon of the uORF may be recognized as a PTC, resulting in degradation of the mRNA by NMD. The presence of a uORF has been shown to target mRNAs for degradation by NMD in S. cerevisiae and in the fission yeast, S. pombe. Transcriptome sequencing (RNA-Seq) analysis of the S. cerevisiae transcriptome predicted that 321 transcripts contain uORFs (77) . A subset of these transcripts is expected to be regulated by NMD. An additional S. cerevisiae study identifying direct and indirect NMD targets estimated that ϳ35% of direct NMD targets are sensitive to the pathway due to the presence of uORFs (2) . An example of an S. cerevisiae mRNA targeted by NMD due to the presence of a uORF in the 5= UTR is the CPA1 mRNA. CPA1 encodes the small subunit of arginine-specific carbamoyl phosphate synthetase (50) . The sensitivity of the CPA1 mRNA to the NMD pathway is responsive to the levels of arginine in the medium. The addition of arginine causes ribosomal stalling at the uORF termination codon, resulting in destabilization and NMD-mediated degradation of the CPA1 mRNA (50). The S. cerevisiae ALR1 mRNA is also targeted to NMD due to the presence of a uORF (78) . ALR1 encodes the major magnesium transporter in S. cerevisiae. Inactivation of the NMD pathway results in stabilization of the ALR1 mRNA and increased intracellular magnesium levels. This increase in intracellular magnesium levels promotes reduced translational termination fidelity and leads to an increase in read-through at PTCs. This study established a link between the NMD pathway, magnesium homeostasis, and translational termination fidelity (78) . Consistent with studies in S. cerevisiae, a genome-wide study of S. pombe transcripts regulated by the NMD pathway also found that the majority of the transcripts that were upregulated upon NMD inactivation contained uORFs, suggesting that this is also a major NMD-targeting feature in S. pombe (14) .
In addition, uORFs can trigger NMD in C. elegans (8) and mammals (10, 11, 73) . In C. elegans, a genome-wide study of NMD-inducing features found that natural mRNAs regulated by the pathway are likely to have uORFs (8) . In mammalian cells, it is estimated that ϳ50% of transcripts contain uORFs (79) . Many of these uORF-containing mRNAs are not regulated by NMD, demonstrating that some uORF-containing transcripts are capable of evading degradation by the pathway (80) . This discrepancy is thought to be a result of varying translation efficiency. This view is supported by a study utilizing mESCs that found that translated uORFs were likely to target mRNAs to NMD, while nontranslated uORFs did not (73) . The same study also found that translated NMD targets containing uORFs were enriched for transcriptional regulators, suggesting that genes regulated by these transcription factors would be indirect NMD targets (73) . Consistent with the studies described above, plant mRNAs containing uORFs are also regulated by NMD. An estimated 20 to 30% of plant genes have been reported to contain uORFs (65, 81, 82) . In plants, it appears that the likelihood of a uORF inducing NMD depends on several factors. These factors include the length of the uORF and the distance between the stop codon of the uORF and the main start codon of the protein-coding region. Therefore, it has been proposed that longer plant uORFs induce NMD, while shorter uORFs do not (81) .
Collectively, these studies establish that uORFs are also conserved NMD-inducing features in all of the organisms that have been examined so far. These studies of uORFs also point to the facts that not all uORF-containing mRNAs are subject to NMD and that other factors, such as the level of translation the uORF is undergoing, the length of the uORF, and the distance between the uORF stop codon and the main ORF start codon, can influence NMD targeting of these mRNAs. It is also apparent that some physiological conditions can affect the NMD targeting of uORFcontaining transcripts by influencing the efficiency by which the uORF is translated.
mRNAS SUBJECT TO ؊1 RIBOSOMAL FRAMESHIFT SIGNALS MAY BE REGULATED BY NMD
Programmed ribosomal frameshifting (PRF) has been observed in multiple organisms. Analyses of multiple genomes indicated that ϳ8 to 12% of genes contain a probable Ϫ1 ribosomal frameshift signal (83) . A study showed that Ϫ1 ribosomal frameshifting plays a role in mRNA stability in S. cerevisiae through utilization of the NMD pathway (83) . Specifically, Ϫ1 PRF signals were reported to cause destabilization of mRNAs by driving translating ribosomes into an alternate reading frame. In mRNAs undergoing Ϫ1 PRF, the ribosome moves toward the 5= end of the mRNA, shifting the reading frame by one nucleotide (Fig. 1D) . As a result of the Ϫ1 frameshift, the translating ribosome is out of frame and may encounter a PTC, thus triggering NMD.
The majority of the PRF signals contain three features: a "slippery site," a spacer sequence, and an mRNA pseudoknot (83) . Currently, Ϫ1 ribosomal frameshift signals have not been reported as an NMD-inducing feature in eukaryotic organisms other than in S. cerevisiae. These signals appear to be common in S. cerevisiae, and as many as 11% of genes have a likely Ϫ1 PRF (83) . Although PRF signals are present across a wide range of yeast species, specific signals are not entirely conserved. For example, strong candidate Ϫ1 ribosomal frameshift signals are present in many gene orthologs in multiple yeast species but not across all species examined (83) . It remains to be determined whether Ϫ1 ribosomal frameshift signals target natural transcripts to the NMD pathway in other eukaryotic organisms.
mRNAS SUBJECT TO OUT-OF-FRAME TRANSLATION INITIATION CAUSED BY LEAKY RIBOSOMAL SCANNING MAY BE NMD TARGETS
A number of S. cerevisiae mRNAs are targeted to the NMD pathway due to out-of-frame initiation of translation within the open reading frame. This mechanism is referred to as leaky scanning. During leaky scanning, ribosomes scan past the main ORF start codon, which is in a suboptimal context, and initiate translation with an alternate start codon within the ORF (Fig. 1E) . This alternate start codon can be out of frame and lead the translating ribosome to a stop codon, causing NMD-induced degradation of the transcript. Whether a translation initiation codon is considered to be in an optimal or a suboptimal context is based on the sequence context surrounding the initiator AUG (84) . Nucleotides at the Ϫ6 to ϩ6 positions in relation to the initiator AUG are important for translation initiation. Of particular importance is the Ϫ3 position, where an A or a G results in more efficient translation initiation than a C or a U (2, 52, 84) .
Presently, leaky scanning has only been recognized as an NMD-inducing feature in S. cerevisiae, and an estimated 3% of S. cerevisiae mRNAs may be subject to leaky scanning (2, 52) . One such mRNA is the S. cerevisiae SPT10 mRNA, which encodes a putative histone acetylase and has a role in transcriptional silencing. The SPT10 start codon is in a suboptimal context, resulting in degradation of the mRNA by the pathway (52) . Additional S. cerevisiae mRNAs targeted by NMD due to leaky scanning were also identified by Guan et al. (2) . However, how widely distributed this NMD-inducing feature is among other eukaryotic organisms remains to be determined.
CONSERVATION OF THE NMD-INDUCING FEATURES
Of the five identified NMD-inducing features discussed here, three appear to be broadly distributed across a wide range of eukaryotic organisms. Intron-containing and nonproductive alternatively spliced transcripts have been shown to be NMD targets in multiple yeast species, as well as in C. elegans, D. melanogaster, plants, and mammalian systems. Atypically long 3= UTRs also induce NMD in multiple eukaryotic organisms, suggesting that this mechanism is conserved as well. Similarly, a subset of natural transcripts containing uORFs is regulated by NMD in multiple eukaryotes.
It is also apparent that the presence of known NMD-inducing features on transcripts does not always activate NMD. Some transcripts containing NMD-inducing features escape degradation by the pathway. For example, multiple transcripts containing uORFs and atypically long 3= UTRs appear to be immune to the NMD pathway. This observation raises the question as to whether the functionality of NMD-inducing features is condition specific. Specifically, are these NMD-inducing features only functional under particular physiological conditions and not in others?
The conservation of specific NMD-inducing features across eukaryotic ancestors has been debated. These ancestors, often referred to as stem eukaryotes, are believed to have had a functional NMD pathway. However, some suggest that the NMD pathway in stem eukaryotes degraded mRNAs with a long-3=-UTR-centered approach (85) . This notion is supported by the observation that long 3= UTRs as NMD-inducing features are observed in most eukaryotes. Furthermore, this model supports the idea that an intron-centered approach developed in NMD in vertebrates (85) . Alternatively, a second model advocates the idea that both a long-3=-UTR-centered approach and an intron-based approach were present in eukaryotic ancestors (65, 66) . This model is supported by the study of plant NMD. In plants, both long-3=-UTR-based and intron-based NMD occur (65, 66) . Specifically, long-3=-UTRbased NMD in plants shows similarities to that in yeast and Drosophila, while intron-based NMD shows similarities to mammalian NMD (66) . Since plants are distantly related to both animals and fungi, these results support the presence of both types of NMD in eukaryotic ancestors.
PHYSIOLOGICAL CONSEQUENCES RESULTING FROM THE REGULATION OF SPECIFIC NATURAL mRNAS BY NMD
The regulation of natural mRNAs by NMD raises several questions. Why are specific transcripts regulated by NMD? Is this regulation physiologically significant? Furthermore, is the regulation of specific transcripts condition specific? There are reports showing that the regulation of specific natural mRNAs by the pathway can be of functional significance. In S. cerevisiae, NMD mutants have reduced growth rates on nonfermentable carbon sources (86) . The growth defect on nonfermentable carbon sources, such as lactate, is partly due to overexpression of ADR1 mRNA (87) . In addition, S. cerevisiae NMD mutants are sensitive to Calcofluor white, a cell wall disruptor. This sensitivity is partially attributed to the regulation of the PGA1 mRNA by NMD (4). PGA1 encodes an essential component involved in glycosylphosphatidylinositol (GPI) anchor synthesis. Pga1p functions in association with Gpi18p to add the second mannose residue in the GPI anchor synthesis. It appears that a functional NMD pathway maintains the PGA1 mRNA at appropriate levels for GPI anchor synthesis (2) . Moreover, NMD mutants have recently been shown to be more tolerant of toxic levels of copper partly due to the regulation of CTR2 mRNA by the pathway. CTR2 encodes a copper transporter of the vacuolar membrane that controls the flux of copper into the vacuole (88, 89) . As previously stated, NMD has also been found to regulate magnesium homeostasis. Thus, S. cerevisiae NMD is involved in both copper and magnesium homeostasis by regulation of specific mRNAs (2, 3, 50, 88) .
In addition, regulation of natural mRNAs by NMD or perturbation of NMD factors has physiological consequences in other organisms. For example, in C. elegans, mutations in the genes required for NMD result in morphogenetic effects on the genitalia and reduced numbers of offspring (90) . In Arabidopsis, upf1 and upf3 mutants have multiple developmental phenotypes linking the NMD pathway to the regulation of genes during normal plant development and responses to pathogens (91, 92) . A functional NMD pathway is also required for cell growth and differentiation in Drosophila (9, 93) . In fact, NMD is essential for normal development in mice. Mice with defects in UPF1 and UPF2 die during embryogenesis (94, 95) . Similarly, it has been shown that NMD effectors are essential for zebrafish embryonic development and survival (13) . As previously stated, UPF1 plays additional roles in cells distinct from NMD, and downregulation of UPF1 could affect other cellular processes. Nevertheless, these studies show that, although a functional NMD pathway is not required for viability of S. cerevisiae, a functional pathway is required for the development and viability of multiple organisms.
Studies have shown that NMD has physiological consequences in humans as well. It is estimated that ϳ30% of disease-associated mutations lead to the production of transcripts containing PTCs (96) (97) (98) . The majority of these PTC-containing transcripts would not be categorized as natural mRNAs. Nevertheless, these transcripts are subject to regulation by the NMD pathway. Thus, NMD can play a critical role in whether or not these diseases manifest themselves in patients. In instances where the location of the PTC results in the generation of a nonfunctional truncated protein, NMD is beneficial to the patients. In other cases, where the location of the PTC results in the generation of a protein with partial function, NMD worsens the diseases by degrading the transcripts. Hence, NMD can be beneficial or detrimental depending on the specific mutations and the genes mutated (99) . Additionally, mutations in the pathway or in any of the factors involved can have serious consequences. For example, in humans, mutated UPF3B has been linked to mental retardation, autism, and schizophrenia (100-102).
CONCLUSION
The NMD pathway exists as both a quality control mechanism and a mechanism to fine tune gene expression. As noted in this review, a subset of natural mRNAs with specific NMD-inducing features are recognized and rapidly degraded by the NMD pathway, demonstrating that the pathway plays an important role in the regulation of gene expression. A significant study discussed here that demonstrates the consequences of NMD regulation of specific natural transcripts is the ALR1 study. In S. cerevisiae, NMD regulates intracellular magnesium levels and, consequently, translational fidelity (78) . NMD mutants have elevated ALR1 mRNA levels and, as a result, increased intracellular magnesium levels, which leads to reduced translational fidelity and read-through at PTCs.
Much is known about the factors required for NMD in S. cerevisiae and other eukaryotes. The repertoire of NMD-targeted transcripts is also beginning to be recognized. As discussed here, natural mRNAs regulated by NMD have been identified in multiple eukaryotes, and the NMD-inducing features for a subset of these natural mRNAs have been identified. These NMD-inducing features appear to be recognized in the same way in different organisms. Several studies suggest that the recognition of NMDinducing features is conserved to some extent. In most cases, the presence of the NMD-targeting feature induces a premature translation termination event and activates NMD. However, there are apparent differences in the recognition of mRNA targets and the identity of the NMD targets themselves across species.
Two of the NMD-inducing features discussed have only been recognized in S. cerevisiae. These features are the Ϫ1 ribosomal frameshift signals and out-of-frame initiation of translation. Future studies are needed to determine the functionality of these features in other eukaryotic organisms. In addition, not all natural mRNAs regulated by the pathway possess recognizable NMD-inducing features, indicating that other NMD-targeting features exist. Furthermore, some natural mRNAs regulated by the pathway possess multiple NMD-inducing features. It is possible that these transcripts are subject to differential levels of NMD. It remains to be determined whether the presence of multiple NMD-targeting features on an mRNA could have an additive effect. If so, then these transcripts would be more efficiently degraded by the NMD pathway.
In summary, further investigation into the regulation of natural mRNAs by NMD will identify novel NMD-inducing features and enhance our understanding of how the pathway regulates transcripts with multiple NMD-inducing features. In addition, further investigation of the consequences that result from NMD regulation of specific transcripts will enhance our understanding of the extent to which NMD regulates particular cellular processes.
